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High molecular weight amphoteric terpolymer based on a nonionic monomer, acrylamide
(AAm), an anionic monomer, 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt (AMPS),
and a cationic monomer, (3-acrylamidopropyl)trimethylammonium chloride (APTAC), was
prepared using free-radical copolymerization in an aqueous solution and characterized by *H
NMR, FTIR, GPC, DLS, zeta potential and viscometry. The polymer was shown to be viscosifying,
and therefore can be utilized as a polymer flooding agent in the high salinity and temperature
conditions of oil reservoirs. Injection of 0.25wt.% of amphoteric terpolymer, dissolved in
200-300 g-L* brine, into high and low permeability sand pack models demonstrated that the
oil recovery factor (ORF) increases by up to 23-28% in comparison with saline water flooding.
This is explained by an increase in the viscosity of brine solution due to disruption of intra- and
interionic contacts between oppositely charged AMPS and APTAC moieties, demonstrating
the antipolyelectrolyte effect. In high saline water, the anions and cations of salts screen the
electrostatic attraction between positively and negatively charged macroions, resulting in
expansion of the macromolecule. This phenomenon leads to an increase in the viscosifying effect
on the brine solution, thus decreasing the mobility factor (M), which is defined as the ratio of
displacing phase mobility (water) to displaced phase mobility (oil).

Keywords: amphoteric terpolymer; synthesis; characterization; core flooding; filtration; oil
displacement.

Axpunamup,
2-akpunamupao-2-metun-1-
NPONAHCYNbPOH KbIWKbINAbI
HaTPUI TY3bl }KdHe
(3-akpunamupgonponun)
TPUMETUNAMMOHU

Xnopwai HerisiHgeri }Kofapbl
MOJIeKynaNnbiK amportepni
TepnonaMmepAaiH CMHTEe3si meH
cunatramachl

WU. T'yceHoB™, H. MyxameTfasbl'?,
A. WaxsopocToB?, C. KyaaiibepreHos!

Nonmmepnik matepuanaap KaHe
TEXHONOTUANAP UHCTUTYTI,

Anmarbl, KasakctaH

2Satbayev University, AamaTtbl, KasakcTtaH
*E-mail: iskander.gussenov@gmail.com

Monekynanbik canmarbl Kofapbl ampoTepni Tepnonumep OeilTapan — akpunamup
(AAM), aHMOHABIK MOHOMEP — 2-aKpPUAaMUAO0-2-MeTUA-1-NponaHcyNbdOH KblWKbIAAbl HAaTPUIA
Ty3bl (AMMCK), KaTMOHAbI MOHOMEpP — (3-aKpMnamuaonponua) TPUMMETUNAMMOHUI XNopuai
(ANTMAX) HeriziHae 60c pagmKangbl CONONMMEPEHY d4iciMeH cuHTe3aens kaHe *H AMP, UK-
®ypbe CNeKTPOCKONUA, reNb-eTKI3rWTiK XpomaTorpadumsa, })KapbIKTbIH AMHAMUKANbIK LWALLbIPaybl,
A3eTa NOTEHLMabl XKaHe TYTKbIP/blFbl aPKblabl cunaTTanaabl. On KONATKbIW XaHe noaumepni
avifay areHTi peTiHAe oFapbl TY3AbINbIKTA XaHe TemnepaTypanbIK KafaaibiHAa cbiHanabl. 200-
300 r-n? Ty34bl epiTiHAiciHae epireH amdoTepni Tepnonumepdin, 0,25% Kofapbl XKaHe TeMeH
OTKI3riwTiri 6ap Kym yariciHe aaay MyHalabiH eHAipy KoadduumnenTiHiH (MBK) Ty3abl cymeH
apayfa canbicTbipFaHaa 23-28% eceTiHAiriH KepceTTi. Bynl aHTUINEKTPOAUTTIK acep KepceTe
OTbIpbIN, Kapama-Kapcbl 3apagTansaH AMPS kaHe APTAC moHOMep/iep apacbiHAafbl iWKi- KaHe
apanblk 6ainaHbicTapabliH, 6y3blAyblHAH, COHbIMEH KaTap Ty34bl epiTiHAI TYTKbIPAbIFbIHbIH
XOfapblnaybiMmeH TyciHaipineai. Xofapbl Ty3Abl cyaa Ty3Abl aHMOHAApP MeH KaTUOoHAap OH
YKOHe Tepic 3apAATanfaH MaKpPOMOHAAP apacbiHAAFbl 3N1eKTPOCTAaTUKANDBIK TaPTbINbICTbI 3KPaHFa
WhIfapadbl, an MaKPOMOJieKynanblik Ti3beK awbinagbl. Byn epiTiHAiHIH TYTKbIPAbIFbIHbIH,
YKOfapblaayblHa, AeMeK KOIoNaHy acepiHe aKeneai. ©3 KeseriHae, Ty3/Abl epPiTiHAIHIH, KOIONaHYbI
KO3FaNfblWTbIK KO3IOOULMEHTIHIH TomeHaeyiHe akenegi (M), 6yn bifbicy dasacbiHbliH, (CyablH)
KO3FaNfbllUTbIFbIHbIH, bIfFbICKaH ¢a3aHblH, (MaiablH) KO3FaNfblUTbIFbIHA KaTblHACbl peTiHae
aHbIKTanaabl.

TyitiH ce3pgep: amdoTepi Tepnoanmep; CUHTE; CMNaTTama; KepHAiI cynaHabipy; dunstpaey;
MYHalabl bIFbICTbIPY.

CuHTE3 U u3yyeHue
BbICOKOMONIEKYNSAPHOTO
am¢oTepHoro Tepnoammepa
Ha OCHOBe aKpunammaa,
HaTpueBoOii conu
2-akKpunamupo-2-meTun-
1-nponaHcynbpoHOBOM
KUCNOTbI U
(3-akpunamupgonponun)
TPMMETUNAMMOHUIN X0puaa
ANA BbITECHEHUA HePTH

W. TyceHoBs'™, H. MyxameTrasbi'?,
A. WaxsopocTtos?, C. KyaaitbepreHos!

MHCTUTYT NOAMMEPHBIX MAaTEPUANOB U
TexHonoruni, Aamartsbl, KazaxctaH
2Satbayev University, Anmartsl, KazaxctaH
*E-mail: iskander.gussenov@gmail.com

BblCOKOMONEKYNAPHBIN  ampOTEpPHbI  TeprnoaMmep, COCTOAWMA U3 HEUOHOreHHOro
MOHOMepa — akpunamuga (AAm), aHUOHHOTO MOHOMEpPa — HAaTPUEBOM COMU 2-aKPUNAMUAO-
2-meTun-1-nponaHcynbpoHoBol Kucnotbl (AMIMC), KaTMOHHOrO MoHOMepa — (3-akpunamwu-
gonponun)  TpumeTMnammonuii  xnopuga  (ANTAX) 6bin CMHTE3MPOBAH  METOAOM
cB060OAHOPAANKANBLHOW COMOAUMEPM3ALUN U OXapakTepusoBaH metogamu ‘H AMP, UK-
®ypbe CNEeKTPOCKONUW, resb-NpoHUKalowein Xpomatorpaduu, AMHAMUYECKOTro fia3epHOro
CBETOpaccenHUs, A3eTa-NOTEHLMANA U BUCKO3UMETPUU. Tepnonmmep 6bin UCNbITaH B KayecTse
areHTa A1A NOJIMMEPHOro 3aBOAHEHUA B YCNIOBUAX BbICOKOW MUHEpann3auum Boabl U Temne-
paTypbl. 3akayka 0,25% pacTBopa amdoTepHOro TepnosvMmepa B BOAe C MWUHepanusauuen
200-300 r-n B BbICOKO- U HU3KOMNPOHMLL@EMbIE NeCYaHble MOAENN NOKA3ana, 4To KoadpduumeHT
BbiTecHeHMA HedTn (KBH) yBennumsaetca Ha 23-28% no cpaBHEHMIO C 06bI4HbIM 3aBOAHEHUEM.
3T0 0b6bACHAETCA yBENMYEHMEM BA3KOCTU pPacTBOpa BCAEACTBME Pa3pyLIEHMA BHYTPU- U
MEMXMOHHbIX KOHTAaKTOB MeXAy MNPOTMBOMNONOXHO 3apaxeHHbimn AMIMC un AMNTAX, uTto
AEMOHCTPUPYET aHTUMNONNINEKTPONNUTHBIN 3¢ deKT. B BbICOKOMUHEPaNM30BaHHOW NAacToBOMN
BOAE aHMOHbI W KaTUOHbl CONEl SKPAHWUPYIOT 3N1EKTPOCTAaTUUYECKOE MNPUTAKEHUE Mexay
NONIOXKUTENBbHO U OTPULATE/IbHO 3aPAMKEHHBIMU MAaKPOMOHAMM U MaKPOMOJIEKYNAPHAA Lenb
pasBopaunsaeTca. 3TO NPUBOAUT K YBENUYEHWUIO BA3KOCTM pacTBoOpa W, cnefoBaTesnbHO, K
3aryuwatowemy sdpdeKkTy. B cBoto oyepeapb, yBeanyeHme BASKOCTU BOAbI MPUBOAUT K YMeHbLUe-
HUio KoadduumeHTa NoaBUNKHOCTH (M), KOTOpPbIY onNpeaenseTca Kak OTHOWEHWE NOABUNKHOCTH
BbITeCHAOWEN pasbl (BoAbl) K NOABUNKHOCTU BbiTeCHAEMOW dasbl (HedTw).

Kniouesble cnoBa: amdpoTepHbIi TEPNnoanmep; CUHTE3; XapaKTEPUCTUKKU; 3aBOAHEHWe
KepHa; dunbTpauma; BbiITeCHeHNE HedTu.
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1. Introduction

Primarily, water is used to displace oil from matrix rocks.
However, because of an unstable displacement front due to the
differences in oil and water viscosities and the heterogeneous
nature of matrix rocks, oil production rates often decline along
with anincrease in water cut [1]. In order to prevent water from
bypassing oil, the following actions are required: 1) water
permeability reduction; 2) oil viscosity reduction; 3) oil
permeability increase; and, 4) water viscosity increase. Based
on this concept, the mobility factor (M) was introduced in order
to quantitatively assess oil displacement by water [2]:

=kw'ﬂo
ko - pw

where M — mobility factor; k — water permeability; p_ -
oil viscosity; k — oil permeability; u — water viscosity.

Whereas, the first three above listed tasks are challenging
in practice, the fourth task of increasing water viscosity can be
achieved by using high molecular weight polymers [2]. The
increase in the viscosity of the injected water as an oil displacing
agent after the addition of high molecular weight polymers
results in substantial acceleration of oil production [3]. This is
explained by a reduction in the propagation velocity of water in
matrix rocks in relation to that of the oil, and as a result the
injected water sweeps more oil. Indeed, polymer flooding has

been shown to be an effective method of unlocking viscous oil
resources [4].

Hydrolyzed polyacrylamide (HPAM) is widely used to
increase water viscosity. The expansion of the polymer
molecule, due to the repulsion between negatively charged
groups on HPAM chains, results in an increase in the viscosity of
the solution. However, if cations are present in water, the
negative charges on the polymer chain are screened, so the
hydrodynamic volume of the polymer molecule is reduced [5-
7]. At higher salinities, greater concentrations of HPAM are
therefore required in order to achieve the target viscosity. At
extremely high salinity and temperature, HPAM chains coil up
and precipitate [8].

The ability of amphoteric polyelectrolytes to swell and be
effective viscosity enhancers in reservoirs with high salinity and
temperatures plays a crucial role in the enhanced oil recovery
(EOR) processes [9,10]. Due to their salt- and temperature
resistance, strongly charged, or quenched, polyampholytes can
serve as viscosifying agents in EOR when thickeners are required
in  brine solution[11,12]. In this regard, amphoteric
polyelectrolytes, being polymers that have both cationic and
anionic groups, are promising, because in high salinity water,
the anions and cations screen the electrostatic attraction
between the positively and negatively charged groups of the
polymer chain, thus the chain expands, increasing the viscosity
of the solution [9-11].

Previously [12], the current project team studied the
applicability of amphoteric terpolymers [AAm]:[AMPS]:[APTAC]
=50:25:25; 60:20:20; 70:15:15; 80:10:10 and 90:5:5 mol.% for oil
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recovery, and found that only the sample of 80:10:10 mol.%
increased oil recovery by up to 4.8-5% under oil reservoir
conditions (salinity of 163 g:L* and temperature of 60°C). The
low value of oil recovery by AAm-AMPS-APTAC terpolymers
was assessed as being connected to the low molecular weight
of the synthesized terpolymers.

In the present research, the team synthesized a high
molecular weight amphoteric terpolymer of AAm-AMPS-APTAC
=80:10:10 mol.%, characterized it using various physico-
chemical methods, and studied its oil recovery effectiveness in
sand pack models of different permeability and under conditions
of extremely high salinity and at a fixed temperature.

2. Experiment

2.1 Materials

2.1.1 Monomers

The monomers included: acrylamide (AAm, 97% purity),
2-acrylamido-2-methylpropanesulfonic acid sodium salt (AMPS,
50 wt.%), (3-acrylamidopropyl) trimethylammonium chloride
(APTAC, 75 wt.% in water), and ammonium persulfate (APS, 98%
purity). All were purchased from Sigma-Aldrich Chemical Co.,
and used without further purification.

2.1.2 Sand pack model

To simulate oil displacement by water and polymers, high
permeability 3-cm-diameter and 5-cm-length sand packs were
used. The size of the sand grains varied between 0.25
and 0.5 mm. Two sand packs were used in these experiments
(Table 1).

Table 1 — Properties of the sand packs

Sand Pore volume, Porosity, Permeability,
pack cm? % Darcy
1 10.6 30 0.62
2 10.95 31 1.8
2.1.3 Brine

Brines with different salinities were used in this study. The
salinity and chemical composition of the different brines are
listed in Table 2.

Table 2 — Chemical composition of brines

Concentration of salts, g/L

Salinity,
g/L NaCl CaCl, MgCl,
200 180 10 10
232 208.8 11.6 11.6
250 225 12.5 12.5
275 247.5 13.75 13.75
300 270 15 15

2.1.4 0il

Crude oil from the Karazhanbas oilfield, well #1913, was
used. Qil viscosity and density at 30°C are equal to 420 cp and
0.93 g-cm.

2.2 Methods

2.2.1 Synthesis of AAm-AMPS-APTAC terpolymer

The amphoteric synthesized via
conventional free radical (co)polymerization as previously
described by the team [12]. The synthetic protocol of AAm-
APTAC-AMPS terpolymer is given in Table 3. The terpolymer
obtained was used in the oil displacement experiment without
further purification.

terpolymer was

Table 3 — Synthetic protocol of AAm-APTAC-AMPS terpolymer

Initial feed composition,

mol. % AAm, APTAC, AMPS, APS, H,0,
g g g mg mL

AAm  APTAC AMPS
80 10 10 2.75 1.33 222 110 3.2

2.2.2 Characterization of AAm-AMPS-APTAC terpolymer

FTIR spectra of AAm-AMPS-APTAC terpolymer were
recorded on a Cary 660 FTIR (Agilent, USA). *H NMR spectra in
D,0 were done on an impulse Fourier NMR spectrometer from
Avance-lll 500MHz (Bruker, Germany). Gel permeable
chromatography (GPC) was carried out on a Viscotek GPC/SEC
(UK). Dynamic light scattering (DLS) and zeta-potential
measurements were completed using a Zetasizer NanoZS 90
(Malvern, UK), laser
Thermogravimetric analyses (TGA) were conducted on a LabSys

equipped with a 633nm source.
Evo (Setaram, France), at a temperature range of 30 to 500°C
and heating rate of 10°C/min. The SEM images were obtained
on a Crossbeam 540 (Germany) by placing dry polymer powder
coated with gold nanoparticles on carbon tape. The TEM images
were made on a JEOL JEM 1400 Plus (USA) by placing one drop
of 0.01 wt.% polymer solution in D,O on a copper cell (d=2mm)
and drying the sample overnight in a refrigerator. The dynamic
viscosities of the polymer solutions were measured using a
capillary Ostwald viscometer with capillary diameters of 0.54
and 1.16 mm, at 24 and 60°C. The reduced viscosity was
measured on a Ubbelohde viscometer at 24 and 60°C.

2.2.3 Sand pack flooding

Sand pack flooding was conducted with the help of a
special core flooding set up “YUK-C(2)” (Russia) in the following
sequence: 1) vacuuming of the sand pack; 2) saturation with
brine; 3) porosity and permeability measurements; 4) brine
displacement with oil till irreducible water saturation was
reached; 5) water flooding simulation using 1 pore volume of
brine injection; and, 6) polymer flooding simulation using 2.5
pore volumes of 0.25wt.% polymer solution injection. The
confining pressure was set at 2 MPa, ambient temperature was
equal to 30°C, and the fluids were injected at 0.15 cm3*min™.

BecTHuMK KasHY. Cepua xummyeckana. — 2021. — Ne4
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The outlet section of the model was open to atmosphere. The
fluids were injected using high pressure piston pumps, the
temperature was set by wrapping a heating tape around the
model, and PC connected pressure transducers were used to
register the inlet pressure values during the tests.

3. Results and Discussion

3.1 Synthesis and characterization of AAm-AMPS-APTAC
terpolymer

Linear terpolymers of AAm-APTAC-AMPS were synthesized
via classical free radical (co)polymerization (Figure 1). The
resulting copolymer has a random distribution of charged
groups along the macromolecular chain.

X X X . *
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Figure 1 — Synthesis of AAm-APTAC-AMPS terpolymer

An FTIR spectrum of the amphoteric terpolymer is shown
in Figure 2. The wide absorption band in the region of 3200-
3500 cm™ corresponds to the NH, groups of AAm, and the
absorption bands in the region of 2800-3000 cm™? correspond
to the asymmetric and symmetric vibrations of the CH groups.
The absorption bands at 1660 and 1546 cm? belong to the
vibrations of the N-substituted groups, Amide | and Amide II,
respectively. The absorption band at 1450 cm™? is characteristic
of the deformation vibrations of the CH groups. Finally, the
absorption band in the region of 1190 cm™ is related to the
symmetrical S=0 stretching vibration of AMPS.

1660

3500-3200

r T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber, cm”’'

Figure 2 — FTIR spectrum of AAm-APTAC-AMPS terpolymer

The structure of AAm-APTAC-AMPS terpolymer was
established using *H NMR spectroscopy (Figure 3). The broad
resonance peaks at 1.6-1.8 and 2.3 ppm were attributed to the
protons of the methylene and methine groups of the main

ISSN 1563-0331
elSSN 2312-7554

Figure 3 —'H NMR spectrum of AAm-APTAC-AMPS terpolymer

polymer chain, respectively. However, these peaks overlap with
those of the methyl and methylene protons of AMPS and
APTAC. The peaks at 3.1-3.3 ppm were assigned to the
suspended protons of the methyl and methylene groups of
AMPS and APTAC. Two methylene groups of AMPS are
responsible for the appearance of the peak at 1.4 ppm.

3.2 Determination of the molecular weights of AAm-
APTAC-AMPS terpolymer

Figure 4 and Table 4 represent the GPC data and molecular
weights of AAm-APTAC-AMPS terpolymer measured in aqueous
solution. The weight-average molecular weight (M ) and the
average-number molecular weight (M ) of the terpolymer was
equal to 2.910° and 2.1-10°Dalton, respectively. The
polydispersity index (PDI) of the terpolymer is quite low for
conventional free radical polymerization. The relatively high
monomer concentration in the reaction mixture is considered
to be responsible for the low PDI. The high molecular weight
and low PDI of the terpolymer are expected to be suitable for
oil recovery.

2021-07-02_17:20:12_AAmBO_APTACT0_AMPSNa10_01.vdt: Pesk 1@ 11.60 [mL) 10°

Refractive Index (i}
=
=]
Molecular Weight (Da)

12 13
Retention Volume (mL)

Figure 4 — GPC of AAm-APTAC-AMPS terpolymer in aqueous
solution

Table4—M , M and PDI of AAm-APTAC-AMPS terpolymer

Composition, mol. % M. -108, M -108,
w " PDI=M_/M
AAm  APTAC  AMPS Dalton Dalton v
80 10 10 2.9 21 1.36

Chemical Bulletin of Kazakh National University 2021, Issue 4
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3.3 TGA analysis of AAm-APTAC-AMPS terpolymers

Figure 5 shows the TGA thermogram of the amphoteric
terpolymer together with the differential curve. The terpolymer
exhibits the typical thermal behavior of acrylamide-based
polymers [13]. Significant mass loss occurs at 318 and 402°C.
The first mass loss at 318°C is probably attributable to the glass
transition temperature (Tg), whereas the second mass loss at
402°C is indicative of thermal decomposition. The value of Tg
depends on the mobility of the polymer chain and reflects the
transition from the glass to the rubber-like state as an important
feature of polymer behavior. It is concluded that the thermal
stability of the terpolymer is rather high and suitable for
application at high temperatures in oil reservoirs.

100
80
60

40

Mass loss, %

20

0 T T T T T T T
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Temperature, °C

T T T 1
400 450 500 550

Figure 5 — TGA thermogram of AAm-APTAC-AMPS terpolymer
(black line), and its differential curve DTGA (red line). The
values of T, and decomposition temperature are indicated by
dotted lines.

3.4 DLS measurement of AAm-APTAC-AMPS terpolymer in
pure water and brine

The average hydrodynamic size of AAm-APTAC-AMPS
terpolymer is shown in Figure 6. In pure water, the terpolymer
has a broad size distribution with a maximum at 50-60 nm and
a small shoulder at 350-400 nm. In brine solutions, a bimodal
size distribution is observed, and two well separated maxima
appear at 25-30 nm and 300-340 nm. It is supposed that in pure
water the macromolecular chains are mostly in aggregated
state. At high salt solutions (200-250g/L) these aggregates
destruct and are fractionated to lower (25-30 nm) and higher
(300-340 nm) molecular weight fractions. Increasing of the
intensity of both low molecular weight and high molecular
weight fractions is probably due to unfolding and increasing of
hydrodynamic volume of macromolecules. These data are in
god agreement with increasing of the dynamic viscosities of
AAM-APTAC-AMPS terpolymer measured at 200-250 g/L brine
(see Figure 9). The zeta potential of the terpolymer solutions,
dissolved in pure water and in a concentration range of 0.25-
0.016%, was negligible negative at -3.4 to -6.8 mV. This negative
charge is due to a small excess of AMPSNa in the main polymer
chain and is indicative of the different reactivity of the
monomers.

14 -
12 1
10 1
—a— Distilled water
L 84 Brine 200 g/L
N —— Brine 250 g/L
=
£
4 -
2 4
04
1 10 100 1000
Size, nm

Figure 6 — The effect of brine solution on the average
hydrodynamic size of AAm-APTAC-AMPS terpolymer

3.5 SEM and TEM results

Figure 7 shows the SEM and TEM images of AAm-APTAC-
AMPS terpolymer in the form of powder and thin film,
respectively. The micron-sized SEM image of the terpolymer is
specific to the most amorphous polymers, and not very
informative. In contrast, the TEM image of the terpolymer
exhibits two kinds of spherical nanoparticles, small and large,
with average sizes of 25-30 nm and 200-250 nm, respectively.
Moreover, the number of small nanoparticles is vastly larger
than the quantity of large ones. This result coincides well with
the average hydrodynamic size of the terpolymer determined
by DLS (see Figure 6). As follows from the DLS data, the number
of small nanoparticles with an average size of 50-60 nm is far in
excess of the quantity of large nanoparticles with an average
size of 350-400 nm. A discrepancy is observed between the
particle sizes determined by DLS and TEM. The particle sizes
registered by TEM represent the compact polymer particles
without hydrated shells. Whereas, DLS results show greater
sizes of polymer particles due to the swollen state of the
macromolecules in aqueous solution and formation of hydrated
shells around the polymer chains.

3.6 Viscosity data

The effect of polymer concentration on the dynamic and
reduced viscosities of AAm-AMPS-APTAC terpolymer in 250 g-L*
synthetic brine is shown in Figure 8. The intrinsic viscosity [n] of
the terpolymer is found by extrapolation of nsp/C toC—>0tobe
equal to 20 and 8.3 dL:g* at 24 and 60°C, respectively. The high
values of the intrinsic viscosities of the terpolymer in 250 g-L*
salt solution confirm the preparation of high molecular weight
quenched polyampholyte by radical polymerization.

The gradually decreasing dynamic and reduced viscosities
of the terpolymer during dilution confirms the absence of the
polyelectrolyte effect, leading to unfolding of macromolecular
coils upon dilution. The polyelectrolyte effect is usually specific

BecTHuMK KasHY. Cepua xummyeckana. — 2021. — Ne4
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Figure 7 — SEM (a) and TEM (b) images of AAm-APTAC-AMPS terpolymer
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Figure 8 — Dependence of the dynamic (a) and reduced (b) viscosities of amphoteric terpolymer on polymer concentration
at 24°C (1) and 60°C (2) in 250 g-L* synthetic brine

to anionic and cationic polyelectrolytes, due to electrostatic
repulsion between uniformly distributed negative or positive
charges along the macromolecular chains [9,10]. In the case of
charge-balanced  terpolymer ~ AAm-AMPS-APTAC, the
polyelectrolyte effect is fully suppressed due to mutual
compensation of oppositely the charged monomers, AMPS and
APTAC. The low values of the dynamic and reduced viscosities at
a high temperature of 60°C are probably accounted for by
destruction of intra- and inter-macromolecular hydrogen bonds
between acrylamide monomers, and by enhancement of
hydrophobic interactions between the backbones of the main
polymer chain.

The dynamic viscosity of the 0.25 wt.% terpolymer
solution was found to increase with a rise in brine salinity from
200 to 300 g-L* at 24 and 60°C (Figure 9).

The increase of dynamic viscosity with an increase in brine
salinity is explained by the screening of the electrostatic
attraction between positively and negatively charged

ISSN 1563-0331
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Figure 9 — Salt-dependent dynamic viscosity of the amphoteric
terpolymer at 24 (1), 60°C (2)

Chemical Bulletin of Kazakh National University 2021, Issue 4



18 Synthesis and characterization of high molecular weight amphoteric terpolymer based on...
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Figure 10 — Schematic illustration of the behavior of AAm-
AMPS-APTAC terpolymer in high saline water. Black thick line
represents polymer backbone.

monomers by anions and cations of salts, which leads to
expansion of the polymer chain. This phenomenon is called the
antipolyelectrolyte effect, which is illustrated in Figure 10.
Increasing the dynamic viscosity of the high molecular weight
terpolymer in brine is favorable for viscosification of hot
reservoir water containing up to 200-300 g-L* salts.

3.7 Sand pack flooding

Figure 11 shows changing of injection pressure versus
time in the course of the oil saturation process for the 0.62 D
and 1.8 D sand pack models.
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Figure 11 — Injection pressure versus time in the course of the
oil saturation process

At a high oil injection pressure of 0.044-0.047 MPa,
stabilization occurs in the lower permeability model, as seen in
Figure 11. For the higher permeability model (1.8 D), the oil
injection pressure leveled off at 0.035 MPa. The mass of oil in
each model was calculated based on material balance, and was
found to be equal to 8.78 g and 9.47 g for the 0.62 D and 1.8 D
models, respectively.

3.8 Water and polymer flooding

Figure 12 shows the mass of produced oil versus pore
volumes injected into the sand packs during the water flooding.
In spite of large permeability differences, the oil production
curves are not substantially different. However, the injection
pressure is notably higher in the case of the lower permeability
sand pack (Figure13). Figure 13 shows that immediately
following the start of polymer injection, oil production increases
up to 0.35 g, then reaches a limit as indicated by a decline in the
oil flow rate. The injection pressure is slightly increased in the
case of the low permeability sand pack (1.8 D).
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Figure 12 — Mass of oil produced during water flooding
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Figure 13 — Injection pressure versus time during the water
flooding process
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The oil recovery factor (ORF) during water and polymer
flooding is illustrated in Figure 14. In the case of water flooding,
the ORF curves leveled off at around 36% and 30% for the 0.62
D and 1.8 D models, respectively. The injection of 0.25 wt.%
polyampholyte dissolved in 200 g-L* brine resulted in a rise of
incremental oil recovery by 28 and 23% for the 0.62 D and 1.8D
sand pack models, respectively.
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Figure 14 — Oil recovery factor for water and polymer
flooding

References (GOST)

4. Conclusion

High molecular weight amphoteric terpolymer based on
acrylamide,
sodium salt and (3-acrylamidopropyl) trimethylammonium

2-acrylamido-2-methyl-1-propanesulfonic  acid

chloride was synthesized and then characterized by various
physico-chemical methods. The dynamic and reduced viscosities
of AAm-AMPS-APTAC terpolymer were found to increase in
saline water due to the antipolyelectrolyte effect. The dynamic
viscosity of 0.25 wt.% amphoteric terpolymer solution increased
from 7 to 14 mPa-s upon a salinity increase from 200 to 300 g-L*
at 24°C. Injection of 0.25 wt.% amphoteric terpolymer solution
prepared in 200 g-L* brine resulted in incremental oil recovery
by 28 and 23% in 0.62 and 1.8D sand pack models, respectively.
In future, the oil displacement ability of high molecular weight
amphoteric terpolymer will be compared with high molecular
weight hydrolyzed polyacrylamide, which is widely used in
Kazakhstan as a polymer flooding agent.
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